In a critical review of pathogen and indicator-organism transformations and transport from land areas receiving organic wastes, microbial die-off was described assuming first-order kinetics. First-order die-off rate constants (k) were calculated from the literature data for various pathogens and indicator organisms. For indicator organisms average die-off.rates were 1.14 day-' (0.08-9.1) for fecal coliforms, and 0.41 day-' (0.05-3.87 day-') for fecal streptococci. For pathogens, the average die-off rates were 1.33 day-' (0.21-6.93) for Salmonella, 0.68 day-' (0.62-0.74 day -~) for Shigella sp., and 1.45 day-' (0.04-3.69 day-') for viruses, respectively. Die-off rates increased approximately two times with a 10°C rise in temperature ($-30°C). Microbial die-off increased with decrease in soil moisture and was minimum in a pH range of 6-7. Correction factors were presented to adjust the k values for the changes in temperature, moisture, and pH. Retention of pathogens and indicator organisms by soil particles was described as. suming a linear isotherm. Retention of microorganisms increased with an increase in clay content of the soil.
Nonpoint source pollution of surface waters is a contribution of several land-use activities. The major pollutants include soluble N, P, and C; pesticides; sediment and sediment-associated N, P, and C; and pathogens. The quality of surface waters is dependent on the availability of these pollutants at the soil surface during a rainfall event. Often the constituents in animal wastes that most frequently violate stream quality standards during runoff are bacterial indicators. This phenomenon is somewhat artificial since the stream standards are established relative to bacteria of human, rather than animal, origin.
Pathogenic organisms have long been associated with animals and animal wastes. A number of pathogenic organisms are known to be involved in transmitting diseases through animal waste. These include members of the Salmonella, Mycobacterium, Erysipelothrix, Leptospira, and Clostridium genera, as well as Bacillus anthracis, FMD virus, enteroviruses, helminths, etc. (Ellis and McCalla, 1976) . There are approximately 100 diseases that can be transmitted from animals to man (Diesch, 1970) . Recently, several review papers have appeared describing the disease hazards, and bacterial and viral pathogens associated with the land application of organic wastes (Elliott and Ellis, 1977; Burge and Marsh, 1978; Menzies, 1977; Morrison and Martin, 1976) . These reviews, however, do not evaluate the pathogen transformations in the soil in relation to nonpoint source pollution of surface waters.
The availability of pathogens and indicator organisms at the soil surface during a rainfall event is dependent on several processes and factors. The most important process is the die-off rate (or survival rate) of the pathogens in the soil-waste system. Fecal contamination of the soil and subsequent entry of pathogens into a water supply is dependent on survival of the organisms during residence time in the soil and likelihood of' being washed out by storm water runoff. A schematic presentation of the pathogen cycle in the land areas receiving organic wastes is shown in Fig. 1 .
Comprehensive information on survival periods of several pathogens in the soil-plant-waste water system is presented by Parson et al. (1975) and Morrison and Martin (1976) . The survival periods for these organisms range from 30 min to several years. A number of factors are known to influence the survival of pathogens and indicator organisms in a soil-waste system: waste pretreatment, moisture, temperature, sunlight, pH, antibiotics, toxic substances, competitive organisms, available nutrients, organic matter, method and time of application of waste, and soil type. Another important process that controls the availability of the organisms in the soilwaste system is the soil adsorption or retention of organisms. Retention of the organisms is enhanced when clay is present in the soil.
The most widely accepted bacterial indicators of fecal pollution in water have been the coliform group (Am. Public Health Assoc., 1971) . Fecal streptococci, have also been used as indicators. The ratio of fecal coliforms to fecal streptococci (FC/FS) was suggested as a possible tool for evaluating waste voided by man and lower animals. A FC/FS ratio > 4.0 indicates a human waste source; <0.7, a lower animal source; and between 0.7 and 4.0, a mixed source (Table 1) .
The objectives of this study were (i) to develop a conceptual model for nonpoint source contributions of bacteria based on the state-of-the-art approach; (ii) to estimate kinetic rate coefficients for die-off from the data reported in the literature; (iii) to evaluate mechanisms pathogen-retention in soil particles; (iv) to discuss the influence of environmental factors on die-off and adsorption of pathogenic and indicator organisms in soilwaste systems; and (v) to review the literature on transport of pathogens and indicator organisms in leaching and runoff. The conceptual model developed in this study, along with the other submodels reported earlier for N (Reddy et al., 1979a , b), C (Reddy et al., 1980 , and sediments (Khaleel et al., 1979) , were integrated with a hydrologic model (Reddy et al., 19813) to describe the quality of surface runoff from land areas receiving organic wastes.
MICROBIAL DIE-OFF
Microbial survival in the soil after application of wastes is one of the controlling factors in determining the number of organisms available for rainfall-runoff transport. Assuming the bacterial die-off follows first order kinetics, the number of organisms remaining in the soil at the end of any given period can be described as at -kaM-kz~A/ = (kB -kD)M.
[1] et al. (1962) and Kenner et aL (1961 ). : Geldreich (1976 .
Mt = Moexp{(ks -kn)
[2]
where Mt = microbial concentration at time, t; Mo = initial microbial concentration after application of waste; ks = rate coefficient for rate of division of the microorganism, day-'; kn = rate coefficient for the die-off rate of the microorganisms, day-'; and t = time, in days. The kinetic rate coefficients estimated from the literature include the regrowth of these organisms. Hence, the die-off rates measured by researchers are the net dieoff rates, which indicate that if kn > ks then
where k = first-order rate coefficient for the net die-off rate of the organism, day-'. Equation [2] reduces to
Data from several sources were used to estimate the first-order die-off rates (Eq. 4) for the organisms applied to soil or water. Estimated k values are presented in Table 2 . These values represent microbial dieoff in a soil, waste, and water system for various soil and environmental conditions. Half-lives for the survival of fecal coliforms range from 2 to 150 hours; for Salmonella, 2 to 185 hours; and for poliovirus, 7 to 416 hours. Table 3 presents average k values for selected microorganisms. These values were obtained from various experiments and represent an average value of several soil and environmental variables. These average values will be useful to researchers in developing a management type of model where the effect of environmental factors can be ignored by allowing some variation in the predicted values.
Factors Influencing Rate of Die-off
The most important factors considered to be controlling the rate of die-off were found to be temperature, moisture, pH, and method of waste application. First-order die-off rate constants can be adjusted in a model for the changes in these variables. TEMPERATURE (Fr) Increase in temperature was shown to lower the survival rate or increase the die-off rate (Table 2) . However, some organisms are more sensitive than others to changes in temperature. The data presented by several workers (Table 4) indicates that die-off rate approximately doubled ~ith a 10°C rise in temperature (5-30°C). Die-off r~tte coefficients can be adjusted for changes in temperature using the following equation:
where Fr or2-r,. kr~ = die-off rate adjusted for temperature, T,; kr, = die-off rate measured at temperature, T,; 0 = temperature correction coefficient; and T = temperature, °C. The temperature correction coefficient (0) ranged from 1.02 to 1.17, with an average value of 1.07 + 0.05. Equation [5] is the simplified form of the Arrhenius equation (Reddy et al., 1980) in the temperature range at which most of the biological reactions occur. MOISTURE (Fro) Soil moisture appears to be a predominant factor controlling microbial survival in the soil. Boyd et al. (1969) showed an increase in die-off rate with a decrease in soil moisture content from 50 to 10°70 on a fine sandy loam soil. Young and Greenfield (1923) and Beard (1940) reported that moisture was a primary factor survival of both Salmonella and Escherichia coli. Studies reported in the literature express soil moisture content as percent moisture or percent water-holding capacity, or soil moisture tension. Utilization of these different approaches makes it difficult to compare results. Very limited data are available that describe the changes in die-off rates of organisms with changes in soil moisture content. Utilizing the data presented by Boyd et al. (1969) for loam soil, the following empirical expression was derived to adjust the E. coli die-off rate constants for moisture changes: Fm = 1.00 -(0.9)MC; < MC <_ 0.5 [6] where Fm = factor for moisture content, and MC = moisture content of the soil, g/g.
In a recent study, Kibbey et al. (1978) found that the survival rate of Streptococcus faecalis was maximum when soil was saturated (0 bar soil-water suction), compared with a minimum survival period in air-dry soil (30 bar soil-water suction). The following empirical equation was derived to adjust the k value for moisture changes presented as soil-water suction:
where MT = soil-water suction, bars.
The die-off rate constant can be adjusted using the following equation:
where F m = Fm/Fm, , k, = die-off rate constant measured at moisture content of m~ day -~, and k2 = die-off rate constant adjusted to the desired moisture content of m~ day -~.
SOIL pH (FpH) Several organisms are known to survive better in a pH range of 6-7, dying quickly under acid soil conditions. The pathogens included in this range are Erysipelothrix, Salmonella, E. coli, S. faecalis, and Mycobacterium (Ellis and McCalla, 1976) . Cuthbert et al. (1950) $. Environ. Qual., Vol. 10, no. 3, 1981 257 Lambert (1974) showed that the survival rate was adversely affected outside the pH range of 5. 8-8.4 . From the data reported by Cuthbert et al. (1950) and McFeters and Stuart (1972) , relative rates of die-off were estimated by assuming a maximum die-off rate of [9]
METHODS OF APPLICATION (Fma)
Very limited data are available on the effects of application method on die-off rate. Oiddens et al. (1973) observed that application of poultry waste on the soil surface lowered the die-off rate of coliform by one-half, as compared with incorporated waste. By assuming the maximum die-off rate (Fma = 1.00) when waste is incorporated into the soil, Fma for surface-applied waste will be 0.5.
INFLUENCE OF OTHER FACTORS
Sunlight was shown to influence the die-off rate of some organisms, such as Leptospira, Brucella, Myco- , 1976; Gerba et al., 1975) . The die-off rate decreased when organisms were kept in the shade, as compared with those exposed to sunlight (VanDonsel et al., 1967; Tannock and Smith, 1971) . One reason for poor survival of organisms in soil is an inability to adapt metabolism to a condition of low nutrient availability. This was shown to be true for E. coil (Klein and Casida, 1967) . Also, several soil organisms produce antibiotics or toxic substances that inhibit the growth of pathogenic microorganisms (Grossard, 1952) . The antibiotics produced by organisms are strongly adsorbed to clay minerals. Both illite and montmorillonite types of clay strongly adsorb basic antibiotics (Pinck et al., 1961; Soulides et al., 1961) . Adequate data are not available to include the influence of some of these variables in the model on survival of the organisms in the soil-waste system.
Obtaining factors from Eq.
[5], [7] , [8], [9] , and Fma, the die-off rate constant k can thus be adjusted as k2 = k, ¯ Fr ¯ Fm ¯ Fpn ¯ Fma; t,/z = 0.693/kz [10] where t,/z = half-life for the survival of organisms. Using Eq.
[10], the influence of several soil and environmental variables on die-off rates of E. coli are presented in Table 5 . The rate coefficients account for the variety of animal waste application techniques and the climatic conditions present in regions of the United States.
RETENTION BY SOIL PARTICLES
Bacteria are rarely free in the liquid phase of soil because most cells adhere to clay particles. The adsorption results in a diminution in the number of organisms passing through a soil column associated with movement of soil-water at a land application site. Another process for removal of bacteria from water percolating through a soil column is the filtration process (Krone, 1968) . Due to lack of data available at the present time, it is difficult to separate quantitatively the adsorption and filtration processes. Instead, bacteria removal will be expressed in terms of retention by soil particles.
The capacity of a soil to remove organisms increases with decrease in soil-water content. Laboratory and field experiments have shown that many soils have a high retention capacity for bacteria and viruses (Drewey and Eliassen, 1968; Gerba et al., 1975; Burge and Enkiri, 1978) . In general, retention of bacteria and viruses increased with an increase in clay content, cation exchange .capacity of the soil, and specific surface area (Marshall, 1971; Burge and Enkiri, 1978) . The equilibrium concentration of bacteria and viruses in the soil solution is sensitive to pH and cation concentration of the solution. As pH is increased above 7, the fraction of bacteria or viruses retained by the soil decreases markedly, whereas an increase in cation concentration of the water increases the retention capacity of the soil for bacteria and viruses. Very limited data are available on the retention of organisms by soil particles upon application of wastes, and their subsequent release during rainfall-runoff events. Recently, Burge and Enkiri 0978) measured retention (adsorption) characteristics of a virus in a soil system. Their studies related retention of viruses by soil to the soil physicochemical properties.
Retention of bacteria and viruses by a soil may be described by using a chemical isotherm approach such as Freundlich or Langmuir isotherms. If we assume that retention of organisms follows a linear isotherm, then the following relationship exists between organisms retained by soil particles and organisms present in soil solution:
where MORT = organisms retained qn soil, no. g-i of soil; MOSOL = organisms present in soil solution, no. m1-1 of soil solution; and K = retention coefficient, ml Retention coefficients calculated from limited sources available in the literature are presented in Table 6 for sediment and some soil types. Equation [11] is a simplification of the Freundlich adsorption isotherm, by assuming the exponent 1/n = 1. The data presented by Burge and Enkiri (1978) indicate that the exponent values of the Freundlich isotherm range from 0.91 to 1.24. The total number of organisms present in the soilwaste system is the sum of MORT + MOSOL = M.
[12]
Combining Eq.
[11] and [12] we obtain M = (K + 1) MOSOL.
[13]
Microorganisms remaining in solution at any given time can be described by combining Eq.
[4] and [13] . We obtain
where MOSOL = organisms remaining in solution at time, t.
There are several problems involved in the measurement of retention coefficients for bacteria and viruses in soils. Die-off and regrowth of organisms interfere with the measurement of retention coefficients. Burge and Enkiri (1978) showed a significant relationship between retention coefficients for viruses and the specific surface areas of the soils. Utilizing their data, the following emperical equation was obtained:
where K = retention coefficient, ml g-', and SS = surface area, m 2 g-'.
The data on surface area of the soils are not generally available and measurement of this parameter involves tedious procedure. The following empirical equation was obtained from the data reported by Enfield et al. (1976) and Zantua et al. (1977) . It is based on one data set and is specific for viruses.
Equations [15] and [16] are applicable only when soil has clay content >18%. For soils with clay content < 180/0 these equations assume zero retention by soil particles. So, Eq.
[15] and [16] should be used with some caution until this phenomenon is further evaluated. As first approximations, however, these equations will serve to describe approximate concentrations of organisms in soil solutions or desorption of pathogens into runoff waters (Reddy et al., 1981~) .
It is evident from the literature that appreciable information is available on the die-off rates of pathogens and indicator organisms. However, data on factors controlling pathogen survival in soils are limited. Future research should be oriented toward developing data on survival rates of pathogens, as related to soil physicochemical properties and environmental variables. Understanding the mechanisms involved in the transfer of organism from solid to liquid phase becomes very important in describing surface water quality with respect to pathogen pollution.
Further research should be planned to develop retention coefficients for some of the important pathogens and indicator organisms as functions of physico-chemical properties of soil.
TRANSPORT OF PATHOGENS
Major transport modes of pathogens and indicator organisms in soils treated with waste include movement downward with infiltrating water, movement with surface runoff water, and transport on sediment and waste particles. There are a number of factors which control the movement of pathogens and indicator organisms in soils. Among these are filtration, soil capacity to retain bacteria or virus, soil water content, soil water flux, rainfall-runoff intensity, and several soil and management factors (Bitton et al., 1974; Griffin and Quail, 1968; Hattori and Hattori, 1976; Reneau et al., 1975; Wong and Griffin, 1976) . These pathways are reviewed separately in the following discussion.
Leaching Butler et al. (1954) concluded that removal of bacteria from liquid percolating through a given depth of soil is inversely proportional to the particle size of soil. Data reported by Bouwer et al. (1974) indicate that fecal coliforms at original concentrations of 10' cells per 100 ml of sewage effluent were removed in the first 60 cm of soil depth. Aulenbach et al. (1974) reported that 99°7o the coliforms were removed by movement of secondary effluent through 3 m of sand. Lance et al. (1976) found that reduction of fecal coliforms by filtration through 250-cm long columns filled with loamy sand was proportional to the concentration of fecal coliforms applied at the soil surface. The columns reduced fecal coliform concentration by about 3 log during 9-day flooding periods at infiltration rates of 40-50 cm day -t. Dazzo et al. (1973) found a 90% removal of fecal coliforms in the surface 13 cm of soil percolated with fresh dairy manure. No coliforms were detected below a depth of 48 cm.
Jones (1968) concluded that the coliform bacteria were not likely to travel more than 31 m in the fine sand of the aquifer. Reneau et al. (1975) also concluded from their studies that coliform bacteria would probably not move into the groundwater system because of restrictive layers of soil, and that the drainage water from the watershed would improve with distance from the pollution source as a result of dilution, sedimentation, and bacterial die-off. Evans and Owens (1972, 1973) observed that addition of pig manure increased the concentrations of E. coli and enterococci in the drainage water. The flow-rate of the discharge also affected the concentration of bacteria in drainage water. In a recent study, Weaver et al. (1978) observed that the concentration of Salmonella typhimurium and Salmonella enteriditis in the leachate from a 3-cm soil column was reduced by more than 90%, and the population of E. coli was reduced by 99.9°?0. Very little evidence of Salmonellae movement in soils was observed, probably because of a low population of Salmonellae in wastes (Krone, 1968; Moore, 1971) .
Adsorption is probably one of the dominant factors in controlling virus movement in soils. Thus, factors influencing adsorption phenomena will not only determine the efficiency of virus removal, but also their long-term behavior in the soil. Gerba et al. (1975) and Bitton (1975) have summarized data from a number laboratory experiments showing varying degrees of adsorption and virus movement in several soils. All these studies show a limited movement of virus in the soil. Experiments conducted by Drewry and Eliassen (1968) indicated >99% removal of viruses when viruses suspended in distilled water were passed through columns of 40-50 cm of sterile soil. Tracer experiments indicated that most of the viruses were retained in the top 2 cm of the column. Lance et al. (1976) observed retention of poliovirus at the 2-cm level in a 250-cm long loamy sand column. Viruses were detected in one-ml samples on only three of 43 sampling dates at the 160-cm depth while none were detected at the 240-cm depth. The pattern of removal was not changed when a column was continuously flooded for 27 days. Appreciable numbers of viruses were desorbed from the soil upon application of distilled water to the soil column (Duboise et al., 1974; Cooper et al., 1975) .
Runoff
It is evident from published data that pathogenic organisms are largely retained at or near the soil surface, thus creating greater potential for pollution of surface runoff water. Transport of organisms in surface runoff water depends on survival periods of pathogens after waste application, and release of pathogens from the soil particles into runoff water. Pathogen contamination of runoff water is usually determined by estimating the number of indicator organisms such as fecal coliforms, fecal streptococci, or enterococci. In this review, runoff water quality with respect to pathogen contamination will be considered for (i) land areas receiving direct application of animal wastes either for plant nutrient supply or disposal purposes, and (ii) pastures and rangeland watersheds where animals distribute manure directly on the land. Some of the available data on the quality of runoff water from land application sites, pastures, and rangelands, with respect to fecal coliforms, has been summarized in a review by Khaleel et al. (1980) . Transport of indicator organisms in runoff water was demonstrated by VanDonsel et al. (1967) , where soft contamination was simulated by periodically introducing "tracer" strains of coliform bacteria to outdoor plots and measuring losses of the indicator bacteria in runoff resulting from natural rainfall. Organisms isolated from runoff were in direct relation to counts in the soils. Generally, counts in soil below 10,000 gram -1 resulted in no isolation of coliform bacteria in runoff water. Winter application of liquid dairy manure resulted in high concentrations of fecal coliforms and fecal streptococci in runoff water as compared wi~h spring or fall application (Phillips et al., 1975) . This was due to longer survival periods for fecal coliforms and fecal streptococci in winter, than in spring or fall (see Table 5 for temperature dependency of die-off rate). Other studies reported by McCaskey et al. (1971) and Reddell et al. (197i) showed ele~,ated levels of fecal coliforms and fecal streptococci in surface runoff water, as compared with runoff water from control plots. Concentration of fecal coliforms and fecal streptococci in feedlot runoff is about 10' times the concentration in runoff from land application sites.
In pastures and rangeland watersheds, animal manure is distributed directly by animals during defecation. Pathogen and indicator organism concentrations at the soil surface essentially depend upon livestock intensity on these watersheds. Colthrap and Darling (1975) studied three mountain streams to determine the impacts of grazing cattle and sheep on rangeland watersheds. The results indicate that grazing cattle and sheep significantly increased the total coliforms, fecal coliforms, and fecal streptococci in streams draining grazed areas. The FC/FS ratio ranged from 0.15 to 0.38. Milne (1976) also observed significant bacteriological counts in the stream located near greatest livestock activity, as compared with counts taken upstream. The average total coliform and fecal coliform counts per 100 ml of stream water before entering the wintering area were 7. and 18, respectively, whereas just downstream from the wintering area the respective average counts were 1,431 and 997 per 100 ml. Similarly, Khare et al. (1975) observed greater concentration of fecal coliforms and fecal streptococci downstream than upstream from cattle pens. Coliform bacteria levels were highest in ponds having livestock on the watersheds. Mean fecal coliform counts were 15 per 100 ml on grassed watersheds, 145 per 100 ml on cultivated watersheds, and 982 per I00 ml on livestock watersheds. However, after manure was applied to cultivated watersheds, counts increased to as high as 7200 per 100 ml. Fecal streptococci counts essentially paralled the fecal coliform counts (Dickey and Mitchell, 1975) . Stephenson and Street (1978) also observed that presence of cattle on the rangelands increased fecal coliform concentration from 0 to 2,500 counts per 100 ml at several sites. Correlation over annual and 3-year periods were very low (< 0.45) between total and fecal coliform and stream flow. Total coliform concentrations in runoff from a hay field not exposed to livestock waste was found similar to runoff from an area grazed by livestock (Kunkle, 1970) . However, fecal coliform concentration in runoff from a grazed area were greater than from an ungrazed area. These results indicate that the fecal coliform group is a much better indicator of animal pollution than are total coliforms. Doran and Linn (1979) also concluded that fecal coliforms were the best indicators in evaluating the impact of grazing on runoff quality. Runoff from the grazed area contained 5-10 times more fecal coliforms than that from the fenced, ungrazed area. These workers used FC/FS ratio in pasture runoff in identifying the relative contributions of cattle and wildlife. Ratios <0.05 were indicative of wildlife sources, and ratios > 0.1 were characteristic of grazing cattle.
In a recent study, Reddy et al. (1981) 3 integrated the submodel described in this paper with hydrological model to describe the transport of fecal coliforms in soils treated with swine waste. The hydrologic model (Donigan et al., 1977) was tested for its reliability on small watershed (1.3 ha) in Watkinsville, Ga., for which soil, hydrologic, and nutrient output data were available. Using this data and superimposing swine waste application on these watersheds, Reddy et al. simulated fecal coliform transport in runoff water. 3 Some of the simulated values on the effects of summer, fall, and winter appIications of swine waste (incorporated into soil) on runoff water quality are presented in Table 7 . The results indicate more fecal coliforms transported in runoff water during winter than summer application of waste. There are no experimental data available at this time to verify these values, however the simulated values are in approximately the same range as reported in the literature (McCaskey et al., 1971; Phillips et al., 1975; Reddell et al., 1971) .
The literature presents evidence that an increase in fecal coliform and fecal streptococci counts in surface soil results in elevated levels of these organisms in runoff waters. However, it is still not clear how these organisms are transferred from soil to runoff water during 
